In this article, we study the errors in the assembly of parts, taking into account the deviation of the shape of their surfaces. The developed computer model of the assembly of the engine low-pressure turbine rotor is designed to predict the values of the assembly parameters, such as radial and face run-out. The forecasting of the above assembly parameters is carried out based on the data of actual dimensions and shape of the surfaces of parts assembled as an assembly unit. The analysis of study results made it possible to obtain a conclusion about the qualitative influence of geometrical errors of the assembled parts on the error of the assembly parameters.
Introduction
The assembly of products is an important stage in their production. The problems of manufactured products quality improvement, cost reduction of their production and time decrease for serial production preparation are particularly important. The solution of these problems can be achieved by developing and applying modern technological processes that widely use digital technologies for predictive modeling and control. Digital technologies can provide the walkthrough, traceability of quality indicators, rational solution of accuracy issues based on predictive modeling data. In the area of study, there are works that suggest the use of measurement results to ensure the accuracy of production [1, 2] . The development of reliable digital models that allow to predict product quality parameters applicable in manufacturing conditions is a difficult task. Digital models must take into account a complex nature of the surface shape deviation and the stress-strain state of the products.
The skin model [3] is a measurable surface, which must be parameterized (filtered) in order to take into account errors. There are published works that include studies of shape deviation effect on the accuracy of parts mating [4, 5] .
In the article [6] , a method is proposed for taking into account surface shape and deformation variations while predicting the accuracy of assembly parameters. The forecasting the stress-strain state in the proposed method can be performed using CAE systems.
In the process of models development, it is necessary to implement a set of measures including verification and refinement of structure and parameters. The paper considers the problem of studying of parts assembly errors, taking into account the deviation of the shape of their surfaces using the developed predictive models. The simulators of disk and spacer of the low-pressure turbine as taken as parts. The mating of turbine parts should meet high requirements for accuracy of radial and face run-outs affecting the irregularity of the radial clearance between the periphery of the blades and the inner surface of the stator. The value of the radial clearance and its irregularity exerts a direct influence on the efficiency of the engine [7] .
The methods for predicting the accuracy of assembly parameters can be used to supplement and expand the capabilities of parametric models of machine tooling [8] .
Modeling the parts assembly
It is known that the accuracy of parts assembly is affected by a variety of factors, including: the deviation of the shape and location of the mating surfaces and their contact deformations, volume strain of the parts, irregular application of the tightening force of bolt joints and other factors. In this article, we will consider the influence of the deviation of the shape of the interfaced surfaces on the accuracy of assembly parameters using a technique that takes into account the real geometry of parts surfaces. Since the assembly of parts features a complex stress-strain state, a complex shape deviation and a contact interaction of the mating surfaces, CAD CAE systems are used to predict the interfaced state.
Creating valid 3D models
The creation of valid parts models was carried out in the following sequence. At the first stage, the building of nominal models of mating parts was performed. At the second stage, the actual (model) mating surfaces were calculated by the finite set of points based on nominal equations, form deviation functions and location deviation parameters. At the third stage, the nominal models were rebuilt by adding real (model) surfaces to them, so that they bound the contour of the part and create a unique closed body.
The deviation of the shape of parts mating surfaces was represented by a function of the harmonic series: To solve the problem of identifying and estimating the deviation parameters, the Digital Image Correlation method [9] , digital filters [10] and the enumeration classification method based on Mora polynomials [11] can also be used.
Forecasting the assembly geometric parameters of parts
The first step in creating a predictive model is to create a part assembly in a CAD system that includes 3D parts models that take into account surface shape deviations. Siemens NX system was used in the work. Assembly model creation was carried out in the following sequence: fixation of the base part, the disk, by all surfaces; orientation of the mating part,-spacer, coaxially (with the disk along the fixing holes) at a specified angle with further contact with the disk; installation of 3D models of bolts concentric to the disk axis; installation of 3D nuts concentric with bolts; setting contact with the spacer. The assembly was saved in ".stp" file.
The next step is to create a finite element model in CAE system. For calculations, the ANSYS Workbench system was used. The created assembly is shown in Figure 1 .
Fig. 1. A computational 3D model that takes into account geometric deviations
Finite elements mesh size is assumed to be equal to 1 mm. An important condition for ensuring calculation reliability is the correct determination of the conditions for contact interaction between surfaces. A "Frictional" type of contact is established between the mating surfaces: the nut end and the spacer simulator; the bolt head end and the disk simulator; the spacer simulator end and the disk simulator. The value of the friction coefficient is 0.15. The bonded contact is between the mating cylindrical surfaces of the bolt and the nut. The contact stiffness, "Normal Stiffness", between the mating end surfaces of the spacer simulator and the disk simulator having shape deviations was reduced from 1 to 0.2 to ensure the convergence of the calculation.
Since the assembly of parts is carried out consecutively and irregularly, an important condition for ensuring reliability is the account of tightening irregularity of bolt joints. Simulation of eight bolt joints was carried out using the Bolt Pretension function. Tightening simulation is carried out by the "criss-cross" method in 10 stages with the tightening torque 5-50 N•m (step 5 N•m). To translate the required wrench torque into the tightening force, we use the following relationships [12] . The torque of the threaded joint was determined based on the frictional force on the end face of the nut by the formula: The results of calculations are saved in 9 ... 81 stages with the step 8, for further analysis in ".stp" format. After the calculations are completed, a preliminary analysis of the deformations of the assembly and the elements is carried out as well as pressure values occurring in the contacts.
Algorithm for calculation of assembly parameters
Evaluation of errors in the assembly of parts is carried out using control surfaces radial and face run-outs. As a result of calculations using CAE systems, a model for assembling parts in STL format is formed. The computation of assembly parameters was carried out in three stages. At the first stage, the surface type was determined by the indicated point of the surface. At the second stage, areas of the surface belonging to the previously defined type were identified. At the third stage, the parameters of surface radial and face run-outs were calculated.
It is known that a part model in STL format consists of a set of triangular sections. To find the face run-out for each point of the model, the distance to the plane specified by a point on the axis of rotation and its directing vector is determined. The specified distance is determined by the formula 3. v  -directing vector of the axis of rotation. After all the distances are found, the face run-out is calculated by the formula (4):
The calculation of radial run-out is carried out in two stages. At the first stage, the reference surface point, the most distant from the axis of rotation, is found. The distance from the point to the axis of rotation is calculated by the formula (5).
where R -distance from the point of the reference surface to the axis of rotation of the part;
x  -radius-vector of the point on the axis of rotation of the part; v  -directing vector of the axis of rotation. At the second stage, the point, the closest to the axis of rotation is found. This point is sought on all the boundaries of the triangular sections of the reference surface. The calculation of radial run-out is performed by the formula (6):
To determine the above parameters, RunOutCalculator application was developed. It allows to calculate the parameters based on the 3D model of the part obtained as a result of product measuring with the help of coordinate measuring machines as well as numerical simulation of product assembly process performed in CAE systems. A user can set a surface for which the calculation of parameter to be performed and set the axis of rotation.
Results
In the process of performing theoretical studies, the following parameters were set:
¬ axial force of tightening bolted joints: 10,20,30,40 N; ¬ The amplitude of the deviation of the shape of the surfaces: 0.01; 0.02; 0.06; 0.1 mm. Figure 2 shows the shape of the deflection of the shape of the end surface of the spacer. Figure 3 shows the dependence of the value of the end run-out on the amplitude of the symmetric deviation of the shape and the axial force of tightening the bolted joint. Fig. 3 . Dependence of the radial runout on the deviation of the shape and force of the bolted joint
The above results can be described by a linear polynomial dependence:
where Пi -considered assembly parameter, mm; The results of data approximation are given in Table 1 . Close to unity values of the coefficient of determination R2 show the possibility of using the obtained regression dependencies.
Conclusion
The analysis of the results of the research made it possible to draw the following conclusions:
1. The deviation of the shape of the mating surface of the spacer simulator causes a loose fit and a decrease in the contact stiffness of the surfaces, which leads to an increase in the values of the radial and end beats.
2. Modeling of uneven tightening of threaded joints during assembly allowed to take into account the appearance of distortions and deformations of assembled assembly units.
3. From the simulation results it follows that the predicted assembly parameters have a linear dependence on the magnitude of the deviation of the shape and the axial force of tightening the bolted joint.
The received theoretical results on this technique allow to draw a conclusion about the possibility of its further development with the purpose of industrial introduction to ensure the improvement of the quality of the products to be assembled.
